We study a model of self-organized growth of quantum dot superlattices using spacer layers of Si with Ge islands buried inside. At each new spacer layer, Ge atoms are deposited on the new Si surface with a flux F. These atoms diffuse on the Si surface with diffusion constant D. But the diffusion of these Ge atoms is biased due to the strain field of the buried Ge islands in the previous layer. When these diffusing atoms meet one another they nucleate into islands which grow by capturing other adatoms. When the Ge coverage reaches a fixed value ⌰, these islands are buried under Si up to a thickness L to complete a new spacer layer. We find that after many successive spacer layers both the island size distribution and the island spacing become more uniform. However, the island spacing is controlled by the ratio D/F rather than by the spacer thickness L. Also the island density ϳ(D/F)
I. INTRODUCTION
Nanostructures such as quantum dots are of great technological interest due to their possible optoelectronic applications, such as fabrication of lasers and light-emitting diodes.
1-9 However, since the fabrication of such nanostructures by lithographic means is a daunting challenge, there has been intense interest in nanostructures that can, in effect fabricate themselves. [10] [11] [12] Such self-organization of nanostructures in heteroepitaxy is possible due to the inherent strain arising from the lattice mismatch between the deposited adatoms and the substrate. [13] [14] [15] [16] [17] [18] [19] One method for producing such self-organized quantum dots has been recently investigated theoretically by Tersoff, Teichert, and Lagally 10 using spacer layers containing, for instance, Ge islands, buried in a complete layer of substrate material, say Si, up to a depth L. For brevity, we will refer henceforth to Ge islands on Si. This should be understood as referring equally to SiGe alloys on Si, or InAs ͑or In x Ga 1Ϫx As) on GaAs, or any similar system. Due to the lattice mismatch of the Ge islands with Si, with which the islands are buried, a strain field is produced on the surface of this spacer layer. The next spacer layer is then generated by depositing Ge atoms on top of the first layer. In the model of Tersoff et al., 10 these Ge atoms are assumed to nucleate right at the local strain energy minima of the first layer. In addition, the sizes of the islands are assumed to be proportional to the areas of the Voronoi polygons determined by the nucleation sites, i.e., the sites of local strain energy minima. Again, the islands are buried with Si atoms up to a depth L to complete the second spacer layer. The strain energy on the surface of this second spacer layer due to the buried islands can be calculated. This would then determine the positions of the nucleation sites and the sizes of the islands for the third spacer layer. The process can then be repeated for successive spacer layers. Using a simple form for the strain energy, the process turns out to be completely deterministic, except for the first spacer layer in which the islands are created at random. Tersoff et al. investigated this model mainly for a one-dimensional substrate. They found that for any initial distribution of islands, for successive spacer layers, the island size and spacing became progressively more uniform. Regardless of the initial conditions, after many layers, the lateral island spacing was about 3.5L. Therefore the spacer layer thickness controlled the final island spacing and the island size distribution became uniform.
In this paper we study a generalization of the model of Tersoff et al. by making the nucleation of the island more realistic. In our model the nucleation of the island is not deterministic but occurs due to the diffusion of the adatoms. The strain energy due to the buried islands in the previous layer acts as a bias to the diffusing adatoms, with diffusion constant D. Initially, Ge adatoms are deposited at a rate F ͑monolayers/s͒ on a Si substrate. These adatoms diffuse on the substrate until they meet other adatoms and form dimers. These dimers are stable and immobile, hence forming nucleation sites for other adatoms. The nucleation sites grow by capturing other adatoms and form islands. When these Ge islands reach a fixed coverage ⌰, they are buried under a depth L of Si to form a spacer layer. The strain energy on the surface of this layer can be calculated. When more Ge atoms are deposited on this new surface, the diffusion of these adatoms is biased toward nearest-neighbor sites with minimum strain energy. The generation of successive spacer layers proceeds just as in the model of Tersoff et al.. Our model depends only on the two parameters D/F and L. We find that both the island size and island spacing distributions become more uniform after many spacer layers. However, the final island spacing is controlled by D/F rather than by L. Also the island density ϳ(D/F)
, as in the case without strain, but with a different prefactor.
II. DETERMINISTIC MODEL
We will describe briefly the deterministic model of Tersoff et al. in order to set the notation. We will refer to Ge islands on Si. Consider a system with small coherently strained Ge islands on a flat Si surface. These islands are then buried under a thickness L of additional Si. The new surface will also be nearly flat, but with some local strain due to the buried islands. An island buried at a depth L and a lateral position xϭ0, yϭ0 leads to a surface strain energy at lateral position x,y where
The coefficient C is proportional to the volume of the buried island and to the misfit, and also involves the elastic constants. Measuring distance in terms of L, Eq. ͑1͒ becomes
with xЈϭx/L and yЈϭy/L. Tersoff et al. assumed that during growth adatoms diffuse to the nearest island, so the island size is proportional to the area of its Voronoi polygon ͑the region closer to that island than to any other͒. Within this highly simplified model, growth is a deterministic process. One first specifies a distribution of Ge islands on the Si substrate. Then these are buried under a depth L of Si. The strain energy at the surface of this space layer is calculated by summing Eq. ͑2͒ over all buried islands. Upon deposition of more Ge, new islands are assumed to nucleate at each minimum of , with volumes proportional to the areas of the corresponding Voronoi polygons. The sequence is then repeated for each successive layer. An important point to note is that the distribution of islands then depends only on the initial arrangement ͑sizes and spacings͒ scaled by the layer thickness L.
Tersoff et al. presented results mainly for a onedimensional substrate. They found that after sufficiently many layers the arrangement became insensitive even to the initial conditions. More strikingly, for successive layers, the island size and spacing became progressively more uniform. Regardless of the initial conditions, after many layers, the lateral island spacing was about 3.5L. Thus the final island spacing was controlled directly by the Si layer thickness. This behavior can be understood in the following way. For initial island spacing much greater than 3.5L, new islands will nucleate not only above existing islands, but also in the space in between. Conversely, for islands that are closely spaced, there will not be a distinct maximum in ⑀ above each island. Two or more islands that are very close will be replaced by a single island in the next layer. In general, there is a ''thinning'' of closely spaced islands and a filling in of gaps, with the characteristic length scale determined by the Si layer thickness L.
The results of this model depends, of course, strongly on the fact that the model is deterministic. The islands always nucleate at the positions of minimum strain energy. This assumption of the model is not very physical, because in reality islands can also nucleate at places other than the local minina of the strain energy. In the next section we will discuss a more realistic model that is not deterministic. We will find that the resulting behavior is quite different.
III. A KINETIC MONTE CARLO MODEL
In this model we start with a system of coherently strained Ge islands on a flat Si surface, buried under a thickness L of additional Si. The strain energy on this new surface can be calculated by summing Eq. ͑1͒ over all buried islands. We use Eq. ͑1͒ in which the parameter L enters explicitly, rather than Eq. ͑2͒, which was used by Tersoff et al.. Now more Ge atoms are deposited at a flux F ͑monolayers/s͒. These deposited atoms diffuse on the new surface with diffusion constant D by nearest-neighbor site hopping. For each nearestneighbor site hop, the adatom is biased to hop toward the neighboring site with the lowest local strain energy. When two adatoms meet, they form a dimer which is assumed to be stable and immobile, i.e., the critical island size i*ϭ1. In this model, the nucleation of the islands is controlled by dimer formation due to biased diffusion of monomers and is therefore random. The simulation method is just that of the usual kinetic Monte Carlo method 21, 22 in which the probability for deposition of a Ge adatom is
where n a is the number density of adatoms. It is a variable that has to be updated continuously because its value can change due to either deposition of new adatoms or loss of adatoms through capture by existing islands or dimer formation. The probability for adatom hopping is given by
The model is dependent only on the ratio ͑D/F͒. In the simulation, a random number is generated and compared to the probabilities P d and P h, to determine whether to deposit a new atom or to make a hop. If it is determined to make a hop, then one of the adatoms, which are stored and continuously updated in the program, is picked at random to make a hop to the neighboring site with the lowest local strain energy. Otherwise, a new adatom is deposited. The processes of deposition and diffusion continue until a fixed coverage ⌰ is reached. Then the island size distribution is computed. In the case of a one-dimensional substrate, we can also compute the island spacing distribution. For simplicity and for better comparison with the model of Tersoff et al., 10 we have assumed a point island model here. Then the islands are buried under a thickness L of additional Si. The strain energy at the surface of this new spacer layer can be calculated by summing Eq. ͑1͒ over all buried islands. The process of gen- eration of the previous spacer layer can then be repeated for any succeeding layer.
IV. RESULTS OF THE KINETIC MONTE CARLO MODEL
We will first discuss the results for the case of a onedimensional substrate. For this case we have used a onedimensional substrate of 1000 lattice sites. 
D/Fϭ10
6 than for D/Fϭ10 4 , even though the spacer thickness is Lϭ10 in both cases. This shows that the final island spacing is controlled by D/F rather than by L. Figure 2 shows the average number of islands having a certain spacing versus the island spacing both for the case of the initial spacer layer and for the case of 50 spacer layers for Lϭ10, D/Fϭ10 6 , 10 7 , 10 8 , and 10 9 . These results are obtained by averaging the data over 100 different runs. One can see that after many spacer layers the average island spacing becomes more uniform. Figure 3 shows the island size distribution N(S) versus the island size S for Lϭ10, D/Fϭ10 6 , 10 7 , 10 8 , and 10 9 , both for the case of the initial spacer layer and for the case of 50 spacer layers. The results are obtained by averaging the data over 100 runs. Again, one can see that the island sizes become more uniform after many spacer layers. From Figs. 2 and 3 one can see that the final distribution after 50 layers is sharper for larger D/F. In Fig. 4 we show the island spacing distribution and the island size distribution for the case D/Fϭ10 9 and Lϭ1, for the first layer and after 50 layers. One can see that both quantities are not very different from the case of Lϭ10.
In Fig. 5 we show a double-logarithmic plot of the island density , which in one dimension is the total number of islands divided by the linear size of the system, versus the quantity ͑D/F͒, both for the first layer and after 50 layers. A linear fit gives a slope of Ϫ0.26 for the first layer and Ϫ0.24 for the case of 50 layers. Both values are close to the value of 1/4, predicted for the case with no strain ͓i*/͑2i*ϩ2͒ with i*ϭ1͔.
Since the shapes of the distributions for the first layer and after 50 layers are not clearly displayed in Figs. 2 and 3 we show in Fig. 6 the distributions of the island size and the island spacing, separately for the cases of the first layer and 50 layers. We can see that there is a narrowing in both distributions due to the strain but the effect is not dramatic. We will now discuss the results for the two-dimensional substrate. These results are obtained using a lattice of 100ϫ100 sites. Figures 7 and 8 show the island masses for the initial spacer layer and after 50 spacer layers, respectively, on the x-y plane 100ϫ100 sites, for D/Fϭ10 7 and Lϭ1. In two dimensions it is not so easy to see from Figs. 7 and 8 that the island sizes and spacing are getting more uniform after 50 spacer layers. But it is easy to see that there is strong vertical correlation in the island spacing: islands tend to nucleate at positions where there are islands in the initial spacer layer. Figure 9 shows the island size distribution N(S͒ versus island size S, for Lϭ10, D/Fϭ10 6 and 10 7 , for both the case of the initial spacer layer and the case of 50 spacer layers. These results are obtained by averaging over 100 different runs. One can see that after 50 layers, the island size distribution, which is a rather broad distribution in the initial spacer layer, now peaks at three distinct island sizes.
V. CONCLUSION
We have generalized the model of Tersoff et al. 10 for the self-organized growth of Ge islands inside Si spacer layers, in which the nucleation of Ge islands is deterministic, to the case where the nucleation of the islands in the spacer layer is not deterministic but rather controlled by the biased diffusion of the Ge adatoms. We find that with increasing number of spacer layers the island spacing and island size distribution become more uniform. However, in contrast to the deterministic case, the final island spacing is controlled by the ratio D/F rather than by the spacer thickness L. Also the island density ϳ(D/F) 1/4 , as in the case without strain, but with a different prefactor. The model we have studied here is a point island model. It would be interesting to generalize it to study islands with finite spatial extent and also to the case of a reversible model. 
